OBJECTIVE: Conventional body composition methods may produce biased quanti®cation of fat and fat-free mass in obese subjects, due to possible violation of the assumption of constant (73%) tissue hydration. We used an assumption-free, graphical method for interpreting body weight variation in obesity using bioelectrical measurements. DESIGN: 540 obese subjects with body mass index (BMI) b 31 kgam 2 without apparent edema were compared to 726 healthy subjects with BMI`31 kgam 2 and to 50 renal patients with apparent edema. A subgroup of 48 obese subjects were evaluated again after weight loss (8.6 kg, 3 BMI units) following one-month energy restriction (5 MJad, 1200 kcalad). 32 obese uremic patients were evaluated before and after a dialysis session (3.2 kg¯uid removed). Direct measurements obtained from standard 50 kHz frequency bioelectrical impedance analyzer were used as impedance vectors in the Resistance-Reactance Graph. RESULTS: 1) Impedance vectors of obese subjects could be discriminated from those of edematous patients with 91% correct allocation; 2) A signi®cant lengthening of vectors was observed after¯uid loss of 3 kg in obese subjects; but 3) A body weight loss of about 9 kg after energy restriction was associated with no vector displacement. CONCLUSION: A different impedance vector pattern was associated with body weight loss in obesity due to¯uid removal (vector lengthening) versus an energy-restricted diet (no vector displacement).
Introduction
In vivo body-composition methods quantify unknown components using measurable quantities (properties and components) and mathematical functions (statistical or model-derived). 1 The human body mass is divided by the two-component model into fat mass (FM) and fat-free mass (FFM). Fluids are bound in the FFM as FM is anhydrous. Impedance is a measurable property of electrical ionic conduction of tissues, that is of FFM hydration. Whole-body impedance represented by the Z vector, is a combination of resistance (R) (that is, the pure opposition to¯ow of an alternating current) and reactance (Xc) (that is, the capacitance produced by tissue interfaces and cell membranes), according to the vector relationship Z 2 R 2 Xc
2
. In bioelectrical impedance analysis (BIA), the arc tangent of XcaR is called the phase angle, and the height (H) is used as a measure of the human conductor length. 2, 3 Many conventional BIA predictions of total body water (TBW) from H 2 aR, of FFM from TBW (FFM TBWa0.73) and then of FM from body weight and FFM, while requiring assumptions on body components and models, are nevertheless accurate in healthy adults. 1±3 . In obesity, reference methods like densitometry and dual energy X-ray absorptiometry (DXA) can be biased and often cannot be utilized due to the subject's size. Indeed, for all methods based on nonchemical subordinate relationships, violation of the assumption that the hydration of FFM is uniform and ®xed, propagates errors from FFM to FM prediction.
1±5
The variability of FM values estimated by conventional BIA depends on the regression equation selected, but also on the reference methods and the population used for validation. 6, 7 We recently overcame the need for assumptions with BIA using direct measurements from the analyzer, which we called the RXc graph method. 8 In this study, we evaluated the performance of the method in discriminating between increased body mass due to fat or¯uid, and for interpreting body weight variation in the obese subject.
Subjects and methods

Subjects
Cross-sectional evaluation. We studied 540 obese subjects with BMI b 31 kgam 2 without apparent edema and 50 renal patients with apparent edema (Table 1 ). The reference group consisted of 726 healthy subjects from the same geographical area, 354 men and 372 women (aged 16±85 y, body mass index (BMI) 17±30 kgam 2 ), who also participated in a previous study. 9 The obese subjects we considered were 169 men with BMI 31±67 kgam 2 and 371 women with BMI 31±80 kgam 2 . Those with liver, heart, lung or kidney failure, with diabetes or peripheral vein thrombosis were excluded. Most with mild to moderate obesity were out-patients, while those with severe obesity were in-patients at the Endocrine Unit (San Giuseppe Hospital, Piancavallo, Verbania, Italy).
Fifty renal patients (25 men and 25 women) were recruited with mild to severe edema due to either chronic renal failure in conservative treatment or nephrotic syndrome. Subjects with mild to moderate edema were out-patients, while those with severe edema were in-patients at the Division of Nephrology (University Hospital, Padova, Italy). A group of 48 obese subjects who underwent the base-line evaluation, 18 men  (aged 18±60 y and BMI 37±50 kgam 2 ), and 30 women (aged 18±60 yr and BMI 40±55 kgam 2 ), were evaluated again after a one-month energy-restricted diet (5 MJad diet, 1200 kcalad). The diet contained 21% protein, 53% carbohydrate and 26% lipid. Estimated water content of food was 1000 ml with 1561 mg Na, 3599 mg K and 896 mg Ca. Fluid intake of up to 2000 mlad was encouraged. All subjects underwent limited physical activity. Only subjects treated as inpatients in the Endocrine Unit, with good compliance to protocol regimens and who lost more than 3 kg weight were considered ( Table 2) .
Longitudinal evaluation.
For¯uid removal, we selected 32 symptom-free obese patients, with a BMI b 31 kgam 2 (average of pre-and post-dialysis weight) and without apparent edema, 13 men (aged 40±72 y and BMI 31±41 kgam 2 ), and 19 women (aged 47±83 y and BMI 31±39 kgam 2 ) undergoing chronic hemodialysis (210±240 min, ambulatory standard bicarbonate dialysis, three times Detecting¯uid changes in obesity A Piccoli et al a week). All patients were evaluated before and after a dialysis session (Table 2) . Approval for the study was granted by the Ethical Committee of the two participating centers and all subjects gave their informed consent.
BIA
All subjects had H, weight, BMI and BIA determined on the same day. BIA was performed with two, crosscalibrated impedance plethysmographs, which emitted 800 mA and 50 kHz alternating sinusoidal current (model BIA-109 RJLaAkern Systems, Clinton Twp, MI, USA) and were connected to surface electrodes (standard, tetrapolar placement on the right hand and foot) strictly following the method reported elsewhere. 3 Electrodes were placed on the side free from vascular access in hemodialysis patients and were not removed during hemodialysis. Measurements were performed immediately before the start and at the end of the session. The two vector components R and Xc were recorded from single measurements. Two operators conducted the measurements, at the Endocrine Unit in obese subjects and at the Division of Nephrology in renal patients. Before each testing session, the external calibration of the instrument was checked with a calibration circuit of known impedance value (R 470 Ohm and Xc 90 Ohm, 1% error). The mean coef®cient of variation was 1% for within-day and 3% for weekly intraindividual measurements in the steady state condition in either site and 2% for the interoperator variability.
According to the RXc graph method (see below), we standardized BIA measurements by the H of the subjects, thus expressing both RaH and XcaH in Ohmam.
TBW and FFM of subjects have been estimated using the following recommended prediction equations, 6 indexed by letters a to h: FM was calculated by difference between body weight and FFM.
Statistical methods
The programs of the statistical package BMDP, 18 were used for calculations, including the Student's t test, the Hotelling's T 2 test for vector analysis (Program 3D), the two-way analysis of variance (Bonferroni's test for multiple comparisons, Program 7D), and the linear correlation coef®cient r (Program 6D). The multivariate linear and quadratic discriminant analysis (option with equal prior probabilities) (Program 7M and 5M, respectively) were used to draw a boundary between subjects with fat vs¯uid overload.
The agreement between predictions obtained from conventional BIA equations was evaluated according to Bland and Altman. 19 The RXc graph method. 8 Using the bivariate normal distribution of RaH and XcaH, we calculated the bivariate 95% con®dence limits 20, 21 for mean impedance vectors of the different classi®cation groups that is, the ellipse containing the mean vectors with 95% probability) (Figure 1 ). Noteworthy, due to equivalence of numerical and graphical criterion (bivariate con®-dence interval) in vector analysis, two mean vectors with non overlapping 95% con®dence ellipses are considered signi®cantly (P`0.05) different also using the Hotelling's T 2 test. 20, 21 For the evaluation of the individual patient's vector we used the bivariate 50%, 75% and 95% tolerance limits of the reference healthy population determined in a previous study 9 (that is, the ellipses within which the vector of the individual subject falls with a probability of 50%, 75% and 95%, respectively) ( Figure 2 ).
Results
Cross-sectional evaluation
The characteristics of the subjects are reported in Group vectors. With respect to the healthy group vector, shorter impedance vectors were observed in obese as well as in patients with apparent edema (non overlapping con®dence ellipses, Figure 1) . Moreover, the vector displacement of shorter vectors was due to a signi®cantly smaller phase angle of edematous patients as compared to obese subjects. Combined with the vector displacement due to the disease groups, a de®nite gender effect was observed in all groups, due to a longer impedance vector in women. There was also a signi®cant smaller phase angle in healthy and obese women as compared to men (two-way analysis of variance, P`0.01). Furthermore, in obese women a greater variability of measurements was observed with a greater con®dence region despite a larger sample size than for men.
Individual vectors. In order to discriminate between subjects with¯uid or fat overload, we plotted the vectors of single patients on the tolerance ellipses from the healthy population (Figure 2 ). In describing vector distribution, we referred to the upper and lower Across the lower poles of the tolerance ellipses is depicted the fat-to-¯uid overload boundary line with equation XcaH 1.24 0.08 RaH in men and XcaH 73.62 0.09 RaH in women, respectively. The thick part of the lower pole of the 75% tolerance ellipse indicates the threshold for apparent edema of non-obese subjects. R is the resistance, Xc the reactance, and H the height.
halves of the 75% and 95% tolerance ellipses, whose extremes were the upper and lower poles, respectively. The vectors of 16 (9.5%) and 78 (46.1%) out of 169 obese men fell out of the lower pole of the 95% and 75% tolerance ellipses, respectively, compared with 56.0% and 100% of vectors in men with edema, and with 3.4% and 9.6% in healthy men. Similarly, the vectors of 60 (16.2%) and 180 (48.5%) out of 371 obese women fell out of the lower pole of the 95% and 75% tolerance ellipses, respectively, compared with 60.0% and 100% of vectors in women with edema and with 2.2% and 7.5% in healthy women. No patient with edema fell out of the upper poles of either 95% or 75% tolerance ellipses. On the other hand, 100% of edematous patients fell out of the lower pole of the 75% tolerance ellipse. Therefore, the lower pole of the gender-speci®c 75% tolerance ellipse behaved as threshold for apparent edema in individual subjects without obesity (sensitivity 100% and speci®city 90.4% in men, and 100% and 92.5% respectively in women), but provided no indication for fat accumulation.
Since vectors of obese subjects out of tolerance ellipses fell in the lower left region while edematous patients fell in the lower right region, it was possible to identify a boundary separating vectors of subjects with fat from¯uid overload using (bivariate) discriminant analysis on the R-Xc plane. The straight line dividing the lower poles of the 75% and 95% tolerance ellipses depicted in Figure 2 , separated vectors of obese subjects (upper left region) from vectors of edematous patients (lower right region) with a correct classi®cation of 90.7% of men (154 men out of 169 with obesity, and 22 out of 25 with edema) and 91.1% of women (338 women out of 371 with obesity, and 24 out of 25 with edema). By cross-validation of the discriminant classi®cation function in subsets of cases using the jacknife method, 18 a stable classi®cation matrix was obtained both in men and women. Quadratic instead of linear discriminant analysis did not provide better allocation of subjects. Average TBW, FFM and FM estimated by conventional regression equations are reported in Table 3 . Agreement between predictions is given in Table 4 .
Longitudinal evaluation
Energy restriction. Changes in variables measured before and after weight loss are reported in Table 2 . Body weight and BMI signi®cantly decreased in both men and women, with signi®cantly more mass lost in men than in women (t 4.8 for body weight, and t 2.7 for BMI, P`0.01). No signi®cant impedance vector displacement after weight loss was documented, as depicted by the overlapping 95% con®dence ellipses (paired Hotelling's T 2 4.6 in men and T 2 0.4 in women, P: ns).
Fluid removal. Changes in variables measured before and after a dialysis session are reported in Table 2 . Body weight signi®cantly decreased in both men and women, without signi®cant difference between them. A signi®cant vector displacement (that is, lengthening and steepening) followed¯uid removal, as indicated by the separated con®dence ellipses in Figure 3 (paired Hotelling's T 2 124.4 in men and T 2 188.6 in women, P`0.001). Moreover the vector displacement did not differ between men and women (Hotelling's T 2 4.2, P: ns). Mean changes of predicted values of TBW from conventional equations in the obese subjects treated with energy-restricted diet or hemodialysis are shown in Table 5 . .
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Discussion
In this study, plotting impedance vectors on the complex impedance plane (R, Xc), we demonstrated that: 1) BIA was insensitive to fat accumulation with approximately 50% normal vectors; 2) In the remaining 50% obese subjects, shortened impedance vectors maintained normal phase angles and thus they could be well discriminated from short vectors with smaller phase angles of edematous patients; 3) BIA measurements were very sensitive to body¯uid variation in obese subjects as well and 4) Body weight loss Detecting¯uid changes in obesity A Piccoli et al following an energy-restricted diet was associated with no vector displacement. Our RXc graph method is a property-based method 1 using the bivariate standard deviation of the measured electrical properties, therefore requiring no assumption of body components or models, and providing a qualitative indication on hydration (as percentiles) through comparison of the measured tissue property with a reference healthy population. It also allows direct comparison over repeated measurements of intrasubject with intersubject variability. The vector standardization by the length of the conductor (that is, ZaH) controls for the different stature of people and represents impedance with the dimension of a speci®c resistivity per cross-sectional area, since Z speci®c resistivity 6 lengthacrosssectional area of the conductor. We used BIA on the standard 50 kHz frequency since measurements of R and Xc at multiple frequencies did not provide any clinically signi®cant improvement over measurements at only 50 kHz for the estimation of extracellular water and TBW. 22, 23 First, we measured impedance vectors shorter than normal in about 50% of obese and 100% of edematous patients, which were well separable by a boundary line allowing 91% correct allocation, due to the difference in the phase angle of vectors (Figure 2) . Therefore, in addition to con®rming the pattern of mean vectors from subject groups with fat or¯uid overload recognized in a previous pilot study, 8 we could mark a border on the lower pole of the genderspeci®c 75% tolerance ellipse discriminating between fat and¯uid overload in the individual subject. Interestingly, the lower pole of the gender-speci®c 75% tolerance ellipse still behaved as threshold for apparent edema with larger groups and different ellipses than previously. 8 This implies that an obese subject with an impedance vector falling out of the lower pole of the 75% tolerance ellipse and below the boundary line should be considered to have at least 4±5 l¯uid overload, as with apparent edema. 24 Thus, the Xc component of the vector, which is neglected in most BIA studies, was crucial in discriminating between fat and¯uid overload. However, considering only the phase angle independent of the vector length (that is only Xc independent of R) can be misleading. 8 For instance, in adult males with AIDS, a phase angle smaller than 4.4 (like that of edematous patients) but with vectors of normal length (R 517 and Xc 40 Ohm, or RaH 294 and XcaH 23 Ohmam), was not associated with apparent edema, but with malnutrition and the shortest survival. 25 Considering both vector components with the RXc graph method can prevent these pitfalls and also reconcile apparently con¯icting results from BIA studies in obese subjects. 2, 6 Second, we documented no impedance vector displacement after an energy-restricted diet leading to the loss of about three BMI units, which would indicate pure FM loss since the fat cell is a dielectric entity. 2, 3, 6, 23 In literature, comparable weight losses in obese subjects were sometimes associated with a lengthening of the impedance vector predicting loss of FFM by conventional BIA equations. 6 ,26±30 The nature of the lost body mass could not be determined in the present study without reference body composition methods. The invariability of the impedance vector after 7±11 kg weight loss with diet could be contrasted with the lengthening of the vector in obese uremic patients after¯uid removal of approximately 3 kg by hemodialysis. Similarly, a progressive lengthening and steepening of the vector was observed in lean uremic patients after hemodialysis (results not reported) and in lean healthy subjects after dehydration at high altitude. 31 We could not prove the reverse, since experiments with fat or¯uid overloading in obese subjects are unethical.
Tissue hydration variation is a problem with other methods. For instance, in lean subjects skinfold thickness was reduced by 5% and DXA bone mineral density by 0.6% after hemodialysis. 32 For the sake of comparison with the RXc graph method, we calculated TBW, FFM and FM from recommended BIA equations validated with reference methods and multicompartment models in adult caucasian populations 6 ,10±17 (Tables 3±5). As shown in Table 3 , predictions were equation speci®c and scattered over a wide range. The magnitude of bias AE 95% limits of agreement between prediction equations ranged from 1.4 AE 0.8 to 9.0 AE 5.2 l for TBW, and from 0.2 AE 7.0 to 15.8 AE 8.8 kg for either FFM or FM (Table 4 ). The disagreement among equations appeared to be dependent on the disease group for TBW prediction equations (greater in edematous patients) and on the gender for FFM and FM prediction equations (greater in men). Furthermore, obese subjects had either more or less TBW and FFM than edematous patients according to the value expression in content or percentage, respectively. The same equations predicted a greater TBW loss in men than in women after either energy-restricted diet or hemodialysis (Table 5) . Finally, after hemodialysis, the prediction bias was greater in men (6.1 l TBW vs 3.6 kg¯uid removal) than in women (4.2 l TBW vs 2.9 kg¯uid removal), with predicted¯uid removal apparently wrong in either gender.
The higher variability of most prediction equations in men could be explained in part by the geometrical properties of the impedance index (that is, hyperbolic function predicting more TBW and FFM for shorter vectors). 33 In conclusion, plotting the impedance vector as RXc graph on tolerance intervals of the reference population allowed both discrimination between fat and¯uid overload and the monitoring of body¯uids in obese individual subjects undergoing weight changes. Unacceptable variability of estimates of TBW, FFM and FM impeded the use of conventional BIA predictions for clinical purposes.
